We present an exhaustive overview of optical absorption and laser-induced fluorescence lines of Ba atoms in liquid and solid helium matrices in visible and near-infrared spectral ranges. Due to the increased density of isolated atoms, we have found a large number of spectral lines that were not observed in condensed helium matrices before. We have also measured the lifetimes of metastable states. The lowest 3 D 1 metastable state has lifetime of 2.6 s and can be used as an intermediate state in two-step excitations of high-lying states. Various matrix-induced radiationless population transfer channels have been identified.
I. INTRODUCTION
The spectroscopy of foreign atoms and molecules in liquid and solid 4 He matrices has been developed since the 1980s and was recently reviewed by Moroshkin et al. [1] . Besides the heavier alkali metals (Cs and Rb), barium is the most well-studied dopant that has been investigated by research groups in Paris, Heidelberg, Saitama, Kyoto, and Garching. In the pioneering spectroscopic experiments [2, 3] on atoms in quantum matrices, the 6 2 S 1/2 -6 2 P 1/2,3/2 resonance transitions of positively charged Ba + ions were observed. In those experiments the ions were introduced into liquid helium by an electric-field-driven flow from an ionization source placed above the liquid surface.
Later this implantation technique was extended to neutral dopants [4] [5] [6] . Electronically excited Ba atoms at densities of ≈10 8 cm −3 were produced by the recombination of implanted Ba + ions with free electrons in the liquid helium bath, and the spectrum of the recombination-induced fluorescence was observed. Larger dopant densities (up to 10 10 cm −3 ) were obtained by producing Ba atoms via direct laser ablation in liquid helium, close to the observation zone [7] [8] [9] [10] . Those studies focused on the laser-induced fluorescence (LIF) and excitation spectra of the singlet 6s 2 -6s6p transition and of the triplet 5d6s -5d6p transitions whose lowest state is the metastable 5d6s 3 D 1 . It was first shown by Bauer et al. [5] that this metastable state acquires a significant steady-state population in liquid helium matrices.
The first study of laser excitation and fluorescence spectra of Ba atoms in solid helium was carried out by Kanorsky et al. [10, 11] in Garching. The density of implanted atoms in those experiments was estimated to be ≈10 10 cm −3 . Their spectroscopic studies focused on the (strongest) singlet transition (6s 2 -6s6p) at 18 115 cm −1 , for which the dependence of the excitation and emission line shapes on the helium pressure were measured and explained.
In order to interpret the observed spectral shifts and widths, the atomic bubble model, an extension of the electron bubble model [12] , was developed and refined [5, 8, 11, 13, 14] . Calculations were carried out for the 6s 2 -6s6p singlet transition and yielded line shapes in good agreement with experimental findings. * victor.lebedev@unifr.ch
The experiments reported here were triggered by our recent discovery that positively charged impurity ions play an important role in the nucleation of helium crystals and for the stabilization of the doped helium crystal against melting [15, 16] . It was demonstrated that laser ablation of alkali metals in liquid and solid helium produces a large number of positively charged ions that become isolated in the matrix. Due to electrostriction these ions form snowballs that act as nucleation centers for the solidification of liquid He [16] and stabilize the crystal below the melting pressure [15] . Similar impurity-stabilized solids ("icebergs") have been observed in barium-doped condensed helium [17] . The study of absorption and fluorescence spectra of Ba + ions trapped in solid helium and in the "iceberg" would provide accurate quantitative information on their density and distribution in the sample, a prerequisite for a quantitative understanding of these spectacular phenomena.
To our big surprise we were not able to identify a single spectral feature (in the visible and near infrared domains) that can be unambiguously assigned to Ba + transition. In searching for Ba + lines we have carried out a detailed spectroscopic study of the matrices doped by laser ablation of Ba metal. Our experiments cover a broad spectral range (8000-25 000 cm −1 ). The greatly enhanced density of implanted atoms has allowed us to detect a large number of atomic lines, thereby doubling the number of identified spectral lines of the Ba atom in such matrices.
II. EXPERIMENTAL SETUP
The experiment was carried out in a setup described in detail in [1] . The helium host matrix is prepared in a high-pressure cell cooled by a helium bath in a cryostat with optical access along five orthogonal directions. The helium pressure in the cell can be varied from 1 to 40 bar, and all measurements were carried out at 1.5 K. Implantation of Ba atoms and clusters was done by means of laser ablation from a Ba metal target mounted at the bottom of the cell. The second harmonic radiation from a pulsed Nd:YAG laser (up to 100 mJ per pulse) was admitted from the top and focused on the target by a lens mounted above the cell.
In liquid helium the ablated atoms quickly diffuse out of the observation region, so that measurements in the liquid phase were performed under continuous full power ablation using pulses with a repetition rate of 5-10 Hz. Doped solid samples were produced by several hundred pulses of the ablation laser at a rate of 1-2 Hz. The slow diffusion of the Ba atoms in the solid He matrix leads to the formation of clusters and nanoparticles, as witnessed by the decrease of the atomic fluorescence signal on a time scale of hours. For comparison, the cluster formation in alkali-metal (Cs, Rb)-doped crystals occurs within minutes under similar conditions. In order to maintain a constant density of trapped atoms we photodissociate the clusters by 30 mJ pulses of the same Nd:YAG laser fired every second.
The achieved steady-state density of Ba atoms in the solid sample is several orders of magnitude larger than in all previous experiments. The large density allows a detection of the resonance by transmission spectroscopy. We pass a beam from a halogen lamp (color temperature of 3300 K) through the sample and disperse the transmitted light by a grating spectrometer. A typical transmission spectrum is shown in Fig. 1 . For comparison, we recall that the much smaller steady-state density in alkali-metal-doped crystals yield absorptions of only a few times 10 −5 [18] . When observed from a direction orthogonal to the illumination beam, the doped part of the crystal has a gray color due to light scattering by defects (Fig. 2) . In the central part of the doped region, the atom production by laser-induced breakup of clusters is most efficient, and the doped column emits intense continuous green (18 060 cm −1 ) fluorescence that is visible by the naked eye.
In the experiments reported below we used radiation from the second and third harmonics of a pulsed Nd:YAG laser, as well as the signal and idler beams of a tunable optical parametric oscillator (OPO) pumped by the third harmonic of a second pulsed Nd:YAG laser. We used either a single beam of one of the mentioned lasers or a combination thereof. Fluorescence was collected at 90
• and analyzed by a grating spectrograph equipped with a CCD camera (resolution ≈5 cm −1 ). Excitation spectra were recorded by scanning the OPO wavelength and monitoring the fluorescence intensity induced by the signal or idler beam. The resolution of the excitation spectra is limited by the OPO linewidth and varies from ≈40 cm −1 in the 25 000-14 300 cm −1 range (signal output) to ≈50 cm −1 in the 12 800-10 000 cm −1 region (idler output). The numerical values of the fluorescence linewidths given below have been corrected for the spectrometer resolution.
III. RESULTS AND DISCUSSION
In agreement with earlier observations [17] , we found that Ba-doped condensed helium forms an impurity-stabilized solid [iceberg, Fig. 2(b) ], similar to the one of alkali-metaldoped He [15] . By measuring the laser-induced electric current (technique described in [16] ) we have proven the presence of a large amount of charged particles (Ba + ions and free electrons) produced by the laser ablation. However, we could not detect any fluorescence from Ba + ions either in superfluid (1.6 bar) or in solid (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) [3] . In our experiments in solid He, scans of the OPO wavelength in the range of 20 000-23 250 cm −1 produced only fluorescence from neutral Ba and Sr atoms, the latter being present as a 10 −4 contamination in the Ba ablation target. We are left completely puzzled by the fact that we observe spectra from neither Ba + nor Ba + exciplexes [19] in solid He and in pressurized (1.6 bar) He II.
A. Fluorescence spectra
The relevant energy levels and electronic transitions in the free barium atom are shown in Fig. 3 . All energies are given with respect to the 6s 2 1 S 0 ground state. The ionization threshold is at 42 035 cm −1 . The high-power radiation of the frequency-tripled Nd:YAG laser at 28 195 cm −1 populates a large number of excited states via cascades of radiative and radiationless transitions. Figure 4 gives an overview of all fluorescence transitions that can be observed in condensed He following excitation by the pulsed ultraviolet radiation. Our assignment of the spectral lines to Ba atomic transitions, as well as their shifts with respect to the wavelengths in the free Ba atom and their full widths at half maximum (FWHM) are listed in Table I . corresponds to the transition from the 6s6p 1 P 1 state to the ground 6s 2 1 S 0 state. The dependence of its spectrum (shown in Fig. 5 ) on helium pressure is discussed in detail below (Sec. III B). We also observe a much weaker singlet-triplet transition from the 6s6p 1 
Fluorescence from metastable states
We have identified three groups of metastable states: 5d6s 1 D 2 at 11 395 cm −1 , 5d6s 3 D 1,2,3 at ≈9000 cm −1 , and 6s6p 3 P 0,1,2 at ≈13 000 cm −1 (Fig. 3 ). Radiative transitions from those states toward the ground state are forbidden in the free Ba atom. Nevertheless, we could observe their fluorescence in condensed He at 11 400, 9000, and 12 640 cm −1 , respectively ( Fig. 4 ; Table I ). We have investigated the lifetime of the 6s6p 3 P 1 state and observed the excitation spectrum of the 6s 2 1 S 0 -6s6p 3 P 1 transition (discussed in Sec. III C). The fluorescence and excitation spectra of the 6s 2 1 S 0 -5d6s 1 D 2 transition are discussed in the same section. The 5d6s 3 D 1 state is particularly long-lived (discussed in Sec. III D). It accumulates a large steady-state population and thus serves as a ground state for a number of excitation transitions toward higher-lying triplet states, as discussed in Sec. III E.
Fluorescence from the 5d6 p configuration
We have identified numerous transitions from the 3 P J , 3 D J , and 3 F J states of the configuration 5d6p to the 5d6s 3 D J states that dominate the spectral range between 17 000 cm −1 and 13 000 cm −1 (Fig. 4) . These excitation spectra are discussed in Sec. III E.
Fluorescence from the 5d7s 3 D J states
We tentatively assign weak lines in the 20 500-21 000 cm
range to transitions from the highly excited 5d7s 3 D 1,2,3 states to the 6s6p The group of lines between 21 300 and 23 000 cm −1 was observed only under excitation by the third harmonic of the Nd:YAG laser. The number and relative intensities of the lines differ when observed in liquid He at 1.6 bar or in solid He at 31 bar. We attribute those lines to transitions between the 6p 2 3 P J states and the metastable 6s6p 3 P J states. In low-pressure liquid helium, the lines at 21 834 and 21 231 cm −1 are the brightest in this group. Their intensity ratio suggests an assignment to (J = 0) → (J = 1) and (J = 1) → (J = 2) transitions. Other strong transitions between these multiplets are not present, most probably because the J = 2 state of the upper multiplet is not populated by the specific excitation process. In solid helium one expects a stronger perturbation of the atomic levels and their fast radiationless deexcitation toward lower states in the multiplet. We can observe only the (J = 0) → (J = 1) and the much weaker (J = 0) → (J = 0) transitions. Our experiments could not detect any fluorescence from states lying above the 6p 2 3 P 1 state, located at 34 823 cm −1 (in the free atom), that can be reached by single photon absorption at 28 195 cm −1 from the lowest metastable state.
Fluorescence from the Sr atom
We have also observed the strongest fluorescence line (5s5p 1 P 1 -5s 2 1 S 0 transition at 21 750 cm −1 ) of strontium, which is the dominant contamination of our barium ablation target. Spectra of fluorescence and resonant excitation of this line recorded in solid helium are similar to those obtained in [5] in liquid He.
B. Resonance transition 6s
2 1 S 0 -6s6
The resonance line 6s 2 1 S 0 6s6p 1 P 1 (18 060 cm −1 in the free atom) is the strongest and best studied spectral line of Ba in helium matrices. Its broadening and matrix-induced shift in liquid and solid helium have been measured and modeled in the past [4, 11] . The broadening and shift of the line are much more pronounced in excitation than in fluorescence spectra (Fig. 5) . In agreement with the earlier results, we found a linear dependence of the line shift [Figs. 5(b) and 5(d)] of that resonance line in solid He on He pressure. The line center of the fluorescence spectrum was found to shift at a rate of 2.2 cm −1 /bar, which is larger than the rate of 1.54 cm −1 /bar reported in [11] . The excitation spectrum shifts at a rate of 4.0 cm −1 /bar, which is comparable to the 3.8 cm −1 /bar reported in [11] .
As can be seen from Figs. 5(b) and 5(d), there is a discontinuity in the shift of the fluorescence line at the phase boundary between the hexagonal close-packed (hcp) and body-centered cubic (bcc) crystalline phases of He at 26.7 bar. A similar discontinuity was observed earlier in experiments with atomic cesium in solid helium and successfully explained in the frame of the atomic bubble model [20] .
As reported in Sec. II, the high-density of trapped Ba atoms allowed us to observe the 6s 2 1 S 0 -6s6p 1 P 1 transition directly by transmission spectroscopy (Fig. 1) . The optical thickness κ(ν)L = − ln T (ν) at 18 500 cm −1 reaches 0.60, and the absorption line shape matches very well the excitation spectrum recorded via LIF, as shown in Fig. 5(c) .
Based on the transmission spectrum we have estimated the density of the Ba atoms in the ground state:
where T (ν) is the transmission spectrum, L is the doped sample thickness (estimated to be 2 mm from Fig. 2 ), m 0 is the electron mass, c is the speed of light, e is the elementary charge, and f ik = 1.64 is the oscillator strength of the transition taken from [21, 22] for the free Ba atom. This analysis yields a density of N i = 1.0(1) × 10 15 cm −3 , which is five orders of magnitude larger than the estimated densities of Ba atoms in solid He in earlier experiments, and the densities of alkali-metal atoms implanted in solid He using the same setup and implantation technique [1] .
C. Transitions to the quasi-metastable states 5d6s
1 D 2 and 6s6 p 3 P 0,1,2
The fluorescence and excitation spectra of the 5d6s 1 D 2 and 6s6p 3 P 0,1 states are shown in Fig. 6 . shifted with respect to the (forbidden) free-atomic line. The 6s6p 3 P 0 -6s 2 1 S 0 fluorescence line is centered at 12 300 cm −1 and is blueshifted by 35 cm −1 with respect to the corresponding free-atomic line. It is much weaker and can be observed only in the solid He matrix.
The line shapes of these fluorescence lines [ Fig. 6(a) ] are slightly asymmetric, showing an extended red wing. In solid He at 30 bar, they are ≈60 cm −1 broad. As usual, the excitation lines show a larger shift and broadening than the fluorescence lines (Table II) .
We have measured the decay time of the stronger 6s6p 3 P 1 -6s 2 1 S 0 line by recording the time-resolved fluorescence signal at the relevant wavelength using a photodiode mounted at the output of the spectrograph. The obtained lifetime of the 6s6p 3 P 1 state is found to be τ = 1.20(1) μs, which is 10% smaller than in the free atom τ = 1.345 (14) μs [23] .
The resonant quadrupole transition between the ground state and the singlet quasi-metastable state 5d6s 1 D 2 shows a similar behavior. The fluorescence line has a more pronounced red wing asymmetry and its maximum intensity has no measurable shift with respect to the 11 395 cm −1 energy of the transition in the free atom. The corresponding excitation line, however, is blueshifted by ≈330 cm −1 and has a slightly asymmetric profile (width ≈200 cm −1 ) with an extended blue wing. The forbidden 5d6s 3 D 1 -6s 2 1 S 0 intercombination emission line at 9040 cm −1 is at the edge of our CCD detector's sensitivity range. Nevertheless, the corresponding fluorescence line can be observed in our experiments in solid He (Fig. 7) . Its line center (width ≈30 cm −1 ) is practically not affected by the He matrix.
In Ba vapor experiments with noble buffer gas the lifetime of the 5d6s 3 D 1 state is determined by quenching atomic collisions and reaches a several milliseconds [24] . In solid He, however, we found that the lifetime of the 5d6s 3 D 1 state is 2.72(4) s. We measured the lifetime by firing a train of 10-20 Nd:YAG laser pulses at the sample, while recording a series of fluorescence spectra during and following the pulse train (Fig. 8) . The resulting time dependence of the fluorescence intensity at 9040 cm −1 yields the decay curve (Fig. 8) (Fig. 7) . This mechanism leads to a large steady-state population of the metastable 5d6s 3 D 1 state, absorption from which can be seen in the transmission spectrum of Fig. 1 . Applying Eq. (1) to the absorption line shapes of the four transitions from the The two-step character of the excitation processes for some spectral lines is demonstrated by the dependence of their fluorescence yield, I (P ), on laser power P . We have fitted that dependence by a power law, I (P ) ∝ P n for the fluorescence lines that can be excited by frequency-doubled Nd:YAG laser (18 800 cm −1 ) radiation. The results are shown in Table III . The transitions from one-photon excited states and two-photon excited states may be distinguished, since the former have an almost linear laser power dependence while the latter have an almost quadratic dependence. The fluorescence intensity, proportional to the excited state population, can be written as I ∝ γ exc / , where γ exc ∝ P n is the (effective) n-photon excitation rate, and the population relaxation rate of the excited state. The power-law exponents n for the 5d6s 1 D 2 -6s 2 1 S 0 (11 390 cm −1 ) and 5d6s 3 D 1 -6s 2 1 S 0 (9040 cm −1 ) fluorescence are 0.8(1) and 1.0(1), respectively, indicating a single-photon excitation. The power-law exponents for the fluorescence from the 5d6p 3 F J states (13 810, 13 150, and 12 970 cm −1 ), which cannot be reached in single photon absorption, are equal to 1.59(4), 1.52 (7), and 1.56(5), respectively. These states are thus not excited by a single photon transition.
The fact that the exponent n is less than 2 for two-step excitations and less than 1 for direct excitation can be explained by assuming that the excited state's population loss rate, , grows with the laser power. We attribute this effect to the softening of the helium host crystal due to laser heating and the ensuing increase of the Ba atoms' mobility. At elevated levels of the laser power it may explain the increase of with P and hence the reduction of n.
E. Triplet transitions 5d6s -5d6 p
There exists a large number of strong transitions connecting the metastable 5d6s 3 D J states with the triplet states of the configuration 5d6p (Fig. 10) . These lines were studied by Bauer et al. [4] after the recombination of Ba + ions with free electrons injected into superfluid He at saturated vapor pressure. Laser-induced fluorescence of the same group of transitions was observed by Fujisaki et al. [7] . The lines observed in [4, 7] are labeled in Table I with superscripts a and b, respectively. In agreement with the results of [4, 7] , the fluorescence lines in liquid helium at low pressure are blueshifted by less than 25 cm −1 with respect to the free atomic wave numbers, and have a spectral width of ≈40 cm −1 . In our experiments, these fluorescence lines can be excited either by nonresonant frequency-tripled Nd:YAG laser radiation at 28 195 cm −1 (Fig. 4) , or by the signal beam of the OPO tuned into resonance with the corresponding absorption line. In the latter case the atoms are excited from the long-lived 5d6s 3 D 1 state that is populated through the cluster breakup by the Nd:YAG laser at 18 800 cm −1 . Fujisaki et al. [7] have studied these absorption lines in superfluid He and found them to be more strongly broadened (FWHM ≈ 195 cm −1 ) and blueshifted (≈180 cm −1 ) than the fluorescence lines. Our results show that-similar to the 6s 2 1 S 0 -6s6p 1 P 1 transition-the triplet lines have a larger shift and a stronger broadening in solid He than in low-pressure superfluid helium. Fluorescence (absorption) line shifts are typically 100 (600) cm −1 to the blue and the line widths are typically ≈60 (300) cm −1 (Table I) . Excitation and fluorescence spectra of the 5d6s 3 D 1,2,3 − 5d6p 3 P 0,1,2 multiplet are shown in Fig. 9 . The three 5d6p 3 http://doc.rero.ch 
F. Population transfer
As discussed earlier in Sec. III D, the absorption of the second harmonic of Nd:YAG radiation by ground-state Ba atoms leads to a very efficient population of the long-lived 5d6s 3 D 1 state, from which further excitation to the triplet 5d6p states is possible (see Sec. III E). By using a pulse sequence of frequency-doubled Nd:YAG radiation at 18 800 cm −1 , together with OPO pulses at 15 740 cm −1 , we were able to measure the metastable population dynamics by a method that circumvents the recording of weak fluorescence from the forbidden 5d6s 3 D 1 -6s 2 1 S 0 deexcitation channel (Fig. 12) .
The OPO-firing at a rate of 10 Hz-is tuned to be resonant with the 5d6s 3 
G. Unidentified spectral lines
Some of the observed spectral features cannot be unambiguously identified. The fluorescence line at 17 350 cm −1 could be excited by the second and the third harmonics of the Nd:YAG laser (Fig. 4) (Fig. 3) and can therefore not be populated by a radiationless or fluorescence transition from any of them. Absorption of one more photon from the OPO or from the declusterization laser (18 800 cm −1 ) is thus required.
Another unidentified fluorescence line lies at 10 420 cm −1 . It can be excited only by frequency-doubled and -tripled Nd:YAG laser (18 800 and 28 195 cm −1 ).
IV. SUMMARY
We have observed LIF spectra of barium atoms implanted in liquid and solid helium matrices. Due to the very large density of implanted atoms, we have found a number of spectral lines that have not been observed before in liquid and solid helium matrices. We have measured the lifetimes of the 5d6s 3 D 1 and 6s6p 3 P 1 metastable states that are found to be 2.6 s and 1.2 μs, respectively. The laser-induced preparation of long-lived metastable states provides highly efficient channels for two-step excitations of high-lying states that are inaccessible by direct absorption from the ground state. We have also observed radiationless inter-and intramultiplet population transfers that are induced by the solid He matrix. The very high densities of Ba atoms that can be achieved in solid helium matrices make those dopants the most convenient species known today for studying dopant-matrix interactions as well as the structure and dynamics of the helium matrix itself. Recent advances in the development of ab initio Ba-He interaction potentials in the ground and excited states [25] [26] [27] open possibilities that did not exist in the early 1990s, for the quantitative modeling of superfluid and solid quantum matrix-isolated barium atoms. Such model calculations have been recently performed for the Ba atoms on helium droplets [28] . The extensive spectroscopic data provided here will prove useful for testing the modeling of the Ba-He interaction in bulk matrices.
